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Hexagonal phaseAbstract Nanocrystalline FeTiO3 ceramics powders were prepared by the sol–gel process com-
bined with a surfactant-assisted template method. The resulting powders were calcined at different
temperatures ranging from 150 C to 600 C for 2 h in an air. The results revealed that a pure hex-
agonal phase of FeTiO3 could be obtained at low temperature, 600 C. The phase evolution of
FeTiO3 was investigated by X-ray diffraction patterns (XRD), Fourier-transform infrared spectros-
copy (FT-IR), and X-ray photoelectron spectroscopy (XPS). Particle size and morphology was
studied by transmission electron microscopy (TEM).
ª 2011 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Wide band gap semiconductors are of interest due to their po-
tential applications in a large number of novel devices such as
radiation immune solar cells, high temperature integrated cir-
cuits and high power electronic devices (Ginley and Butler,
1977; Zhou et al., 2002). FeTiO3 is a wide band gap
(2.54 eV) antiferromagnetic semiconductor material havingpotential applications in spintronics with a Curie temperature
of 1000 K (Dai et al., 1999; Zhou et al., 2003; Fujii et al.,
2004a,b). Motivated by these applications, numerous efforts
have been made to control the size and shape of FeTiO3
ceramics. The structure of FeTiO3 (space group R 3) is similar
to that of hematite (a-Fe2O3), where the two Fe
3+ ions in
hematite are replaced by Fe2+ and Ti4+ in ilmenite in ordered
way along the c-axis. The present advancement in microelec-
tronics and communication systems is gradually leading to
the miniaturization of antiferromagnetic materials. The quality
of ceramic semiconductor can be improved through smaller-
sized components. In order to achieve high antiferromagnetic
semiconducting property in a small volume, the particle size
has to be reduced. Thus, the interest in high-quality FeTiO3
nanopowders with narrow particle size distribution is continu-
ously increasing.
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tion of mixed metal oxalate is reported in the literature
(Sharma et al., 2009). Similarly, other methods like citrate
gel technique (Dhage et al., 2003; Dhage et al., 2004a,b;
Gaikwad et al., 2004); liquid mix and H2/H2O reduction pro-
cess (Tang and Hu, 2006); solid sate reaction (Naylor and
Cook, 1946; Grant et al., 1972); using different chemical tech-
niques at 400 C are also reported in the literature (Mona
et al., 2006). It has been observed that given crystallite size
of the ﬁnal product is larger (Sharma et al., 2009; Dhage
et al., 2003; Dhage et al., 2004a,b; Gaikwad et al., 2004; Tang
and Hu, 2006; Naylor and Cook, 1946; Grant et al., 1972;
Mona et al., 2006); which will reduce the quality of ceramic
semiconductor. The solid sate reaction method is generally
based on mixing of ﬁne powders and heating at very higher
temperature leads to inhomogeneity. However, the sol–gel pro-
cess is one of the most successful techniques for the synthesis
of nanosize ceramic powders, producing a narrow particle size
distribution and showing considerable advantages over the
above reported methods. These advantages include excellent
compositional control, homogeneity on the molecular level
due to the mixing of liquid precursor, and lower crystallization
temperature. In the earlier studies, FeTiO3 were prepared by
co-precipitation, citrate gel, liquid mix process, solid sate
reaction and hydrothermal method with larger particle size
in the range of 40–100 nm obtained below 400 C (Mona
et al., 2006), and 600 C (Sharma et al., 2009; Dhage et al.,
2003; Dhage et al., 2004a,b; Gaikwad et al., 2004; Tang and
Hu, 2006; Naylor and Cook, 1946; Grant et al., 1972), might
be due to improper crystallization of precursor. In the present
investigation we have prepared FeTiO3 ceramics using sol–gel
method in combination with surfactant-assisted template so as
to have nanoparticles of FeTiO3 ceramics with desired dimen-
sions at 600 C. Surfactant-template method was widely used
to synthesize nanoscale ceramic powders (Beck et al., 1992;
Ying et al., 1999; Tanev et al., 1997). With the success of sur-
factant-templating synthesis of MCM-like material (Yin et al.,
2007; Liu et al., 2007); it is believed that nanoparticles of
FeTiO3 ceramics could be possible to synthesize using similar
surfactant synthetic strategy. We have used the cationic surfac-
tant cetyltrimethylammonium bromide (CTAB) as a structure
directing agent by mixing it in an alkoxide solution in order to
modify the microstructure of the gels, which will certainly
allow the formation of oxides with controlled particle size.2. Experimental
Precursor solutions were prepared by the following method. An
aqueous solution of 0.12 MFe(NO3)3Æ9H2Owas prepared using
ethanol. The exact molarity of the solution was determined
from the chemical analysis of the nitrate solution using
solochrome Black-T indicator and standard EDTA solution.
Required amount (Fe/Ti = 1:1) of Ti(OC4H9)4 was added to
the Fe(NO3)3Æ9H2O solution with constant stirring. The cat-
ionic surfactant CTAB (10% (20 ml) in ethanol) was dropped
into the solution. Then nitric acid (0.1 M) was added drop wise
into the mixed solution so as to obtain a pH of 1–2. Stirring for
20 min resulted in the formation of a sol with dark brown color.
The sol was then heated slowly up to 70 C and dried to produce
a brown ﬂuffy porous gel. The dried gels were calcined at differ-
ent temperatures ranging from 150 to 600 C for 2 h in an air.The X-ray diffraction (XRD) patterns were recorded with a
Bruker 8D advanced X-ray diffractometer using monochro-
matic Cu Ka radiation (40 kV and 30 mA). The Fourier-
transform infrared spectroscopy (FT-IR) analysis was
performed using a Shimadzu-8400 spectrometer. The micro-
scopic nanostructures were observed using a transmission elec-
tron microscopy (TEM; FEI, Tecnai F30, HRTEM, FEG
operated at 300 kV). The ﬁne powders were dispersed in amyl
acetate on a carbon-coated TEM copper grid. For the determi-
nation of lattice parameters and interplanar distance d, the
samples were scanned in the 2h range of 20–80 for the period
of 5 s in the step scan mode. Silicon was used as an internal
standard. Least-squares analysis was employed to determine
the lattice parameters. X-ray photoelectron spectroscopy
(XPS) was used to study the chemical composition of the
sample. The monochromatic X-ray beams of Al Ka (hm=
1486.6 eV) and Mg Ka (hm= 1253.6 eV) radiations were used
as the excitation source. A hemispherical sector analyzer and
multi channel detectors were used to detect the ejected photo-
electrons as a function of their kinetic energies. XPS spectra
were recorded at pass energy of 50 eV, 5 mm slit width and a
take-off angle of 55. The spectrometer was calibrated by
determining the binding energies values of Au 4f7/4 (84.0 eV),
Ag 3d5/2 (368.4 eV) and Cu 2P3/2 (932.6 eV) levels using spect-
rograde materials. The instrumental resolution under these
conditions was 1.6 eV full-width at half-maximum (FWHM)
for Au 4f7/4 level. The Cls (285 eV) and Au 4f7/4 (84.0 eV) were
used as internal standards when-ever needed. Thermo gravi-
metric analysis (TG) and differential scanning calorimetric
analysis (DSC) was carried out simultaneously in a static
N2 atmosphere, using a Netzsch STA 409 instrument.3. Results and discussion
Fig. 1 shows the XRD patterns of the as-prepared gel and
those calcined at 150, 300, 500 and 600 C, respectively. It
can be seen from the diffraction patterns that the starting pow-
ders were amorphous with no signiﬁcant change in structure
up to 300 C was observed. After calcinations at 500 C, it
was observed that the crystallization of the dried gel begun
at this temperature along with the formation of anatase phase
at 2h= 25.32, 48.06, 55.09 and 62.16 and a rutile phase at
2h= 27.44, 36.09, 41.25 and 44.05. Further, by increasing
the calcinations temperature to 600 C, the XRD pattern indi-
cates the formation of pure FeTiO3 with hexagonal crystal
structure according to JCPDS; 75-1207. The calculated lattice
parameters by least squares ﬁt are a= 5.141 A˚ and
c= 14.22 A˚. The particle size calculated from Scherrer’s for-
mula (t= Kk/B cos hB), where t is the average size of the
particles, K= 0.9, k is the wavelength of X-ray radiation, B
is the full width at half maximum of the diffracted peak and
hB is the angle of diffraction. The average particle size of
FeTiO3 powder calcined at 600 C was around 25 nm.
Fig. 2 shows a TEM image for the sample calcined at
600 C. It can be observed that the particle morphology is
nearly spherical and of uniform size with limited aggregation.
It has narrow particle size distribution ranging between 23 and
25 nm. The results are consistent with the XRD data.
Fig. 3 shows the FT-IR spectra of the as-prepared gel and
those calcined at 150, 300, 500 and 600 C, respectively. For
the as-prepared gel and calcined samples, the broad band at
Figure 1 XRD patterns of powders calcined at different
temperatures.
Figure 2 TEM of FeTiO3 powder calcined at 600 C.
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xyl group from adsorbed water. Generally, the bands in the
low-wave number region (400–650 cm1) can be assigned to
Ti–O bond vibrations (Last, 1957). After calcinations at
600 C, the absorption bands of Ti–O octahedral appeared at
680 and 500 cm1, corresponding to the formation of FeTiO3.
Fig. 4 shows Fe 2p, Ti 2p and O 1s high-resolution XPS
spectra of FeTiO3 sample calcined at 600 C for 2 h in an
air. The Fe 2p and Ti 2p spectra shows peak positions at bind-
ing energies of 710.8 and 458.3 eV which correspond to ele-
ments in the oxidation states Fe3+ and Ti3+, respectively.
The peak with an O 1s binding energy around 529.7 eV
indicating that the oxygen atoms exist as O2 species and that
of at 531.8 eV indicating either adsorbed oxygen or hydroxyl
species present on the surface of FeTiO3.
Fig. 5 shows the thermal evolution of as prepared gels.
Several components, such as physically adsorbed water and
residual organic materials coming from the synthesis may be
removed and assigned to different steps in the TG curve. Sharp
weight losses are observed in two temperature ranges, the ﬁrst
between 50 and 250 C and the second between 300 and
600 C. The DSC curve displayed four corresponding valleys
for as prepared gels. The ﬁrst and second one appeared atFigure 3 FT-IR spectra of FeTiO3 powders calcined at different
temperatures.
Figure 4 High resolution 2p and O 1s spectra of FeTiO3 powder
calcined at 600 C.
Figure 5 TG/DSC tracing of precursor gel.
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is ascribed to water desorption from the samples. The third
one emerging at about 400 C could be due to the dehydroxy-
lation of Ti–OH into TiO2 (Wang et al., 2001). The fourth oneemerging at about 540 C, which indicates that the phase
transformation of FeTiO3 occurred as revealed by the XRD
patterns.
Thus, it might be concluded that the FeTiO3 formation was
completed at 600 C from the reaction between TiO2 and
Fe(NO3)3Æ9H2O phases. These results are in good agreement
with the XRD, FT-IR and TG-DSC data.
4. Conclusions
Nanosize FeTiO3 ceramics have been successfully prepared by
the sol–gel method combined with a surfactant-assisted tem-
plate method. The formation of hexagonal phase of FeTiO3
was detected by XRD, FT-IR and TG/DSC from the sample
calcined at 600 C. The FeTiO3 particles were nearly spherical
and uniform in size having a fairly narrow distribution in the
range of 23–25 nm supported by both XRD and TEM.Acknowledgements
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